The Escherichia coli Fpg protein is involved in the repair of oxidized residues. We examined, by targeted mutagenesis, the effect of the conserved lysine 
INTRODUCTION
The Fpg protein, coded for by the fpg gene of Escherichia coli, is a DNA N-glycosylase involved in the removal of oxidized purine bases in damaged DNA (1) . In vitro, the Fpg protein excises a broad spectrum of modified purines, in particular, 2,6-diamino-4-hydroxy-5N-methylformamidopyrimidine (Fapy) and 7,8-dihydro-8-oxoguanine (8-oxoG) residues (2, 3) . Fpg protein is also endowed of an apurinic/apyrimidinic (AP) lyase activity that incises DNA at abasic sites by a β-δ elimination mechanism (4, 5) and an activity excising 5′-terminal deoxyribose phosphate (dRPase) from pre-incised AP site (6) . In vivo, Fpg protein, together with MutY protein, forms the GO system that prevents mutagenesis of oxidized guanine residues in DNA (7) . Several lines of evidence suggest that the Fpg protein, which has a functional yeast homolog (8, 9 ) and a mammalian homolog (10) (11) (12) (13) (14) (15) , exhibits a key role in the prevention of mutations induced by free radical generating systems (1, 3) .
It is assumed that the Fpg protein, which contains a Zn atom per molecule, utilizes the zinc finger motif near the C-terminus for binding with DNA (16, 17) . In contrast, the active site of the Fpg protein, as judged by mapping analysis, could be located within the first 73 amino acid residues of the N-terminus (18) .
For N-glycosylases that exibit AP lyase activity, a unified catalytic mechanism through a Schiff base intermediate between the enzyme and substrate DNA, has been proposed (19) (20) (21) . The glycosylase and endonuclease reactions are hypothesized to be coupled. In this model, the N-glycosylase/AP lyase utilizes an amine-bearing residue as the attacking nucleophile to react with C1′ of the deoxyribose to displace the damaged base and to produce an imino (Schiff base) intermediate (19) (20) (21) . For the Fpg protein, the N-terminal proline (Pro-2) could be such a nucleophile (22) . Classically, the ε-amino group of the lysine has been involved in the production of Schiff base (23) . It is shown that simple tripeptides such as Lys-Trp-Lys or Lys-Tyr-Lys efficiently bind (24, 25) and cleave DNA at AP sites by a β-elimination mechanism (24) . The Lys residue that serves as the catalytic nucleophile of endonuclease III has been tentatively assigned as K120 (26) . In human 8-oxoguanine DNA glycosylase (hOgg1), a functional homologue of the Fpg protein, the Lys residue at position 249 is identified as the catalytic nucleophile (27) . There are only two highly conserved lysine residues at positions 57 and 155 in the Fpg proteins of different origin (28) . For Lys-155 a particular role for excision of 8-oxoG residues was shown (29) . We tested the involvement of the other conserved residue, Lys-57, in Fpg-mediated glycosylase activity and phosphodiester bond incision. Lys-57 was mutated to Gly or Arg, the proteins were purified to homogeneity and in vitro binding and catalytic activities of the mutant proteins were determined. Moreover, the biological function of the mutant Fpg proteins was evaluated in vivo.
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MATERIALS AND METHODS

Bacterial strains, enzymes and chemicals
We used the following strains derived from the E.coli K12 strain: CC 104 [ara∆ (gpt-lac) 5 (4, 34) .
General methods for DNA manipulations
The procedures for the preparation of plasmids, restriction enzyme digestion, agarose gel electrophoresis, DNA ligation and bacterial transformation were performed using standard methods as described by Sambrook et al. (33) or by the manufacturers.
Site-directed mutagenesis
To generate the Fpg K57G or K57R mutants, mutagenesis was performed using PCR-based technique acting upon the fpg gene in the plasmid pFPG220 (35) . Using PCR, we introduced an XbaI restriction site near codon 57 (AAA) coding for Lys. Then we generated mutations in codon 57: AAA→GGG (Lys-57→Gly), AAA→CGA (Lys-57→Arg). The XbaI site near codon 57 was subsequently eliminated and the wild type nucleotide sequence was restored by PCR. The primers used to generate mutant fpg genes are listed in Table 1A . In each step the nucleotide sequence of BglII/AvaI of fpg gene (34) corresponding to the PCR product was verified by DNA sequencing. For in vivo investigations, the mutated genes were introduced in the pFPG40 expression vector (34, 35) .
Fapy-DNA glycosylase assay
The 
8-oxoG-DNA glycosylase assay
A 34mer oligonucleotide containing a single 8-oxoG residue was used as substrate (Table 1B) . The 5′-end of this oligo was 32 P-labelled with T4 polynucleotide kinase in the presence of [γ-32 P]ATP (3000 Ci/mmol, Amersham), purified, annealed and analysed as described (36) . The standard assay (20 µl final volume) contained 20 mM HEPES/KOH, pH 7.8, 100 mM KCl, 2 mM Na 2 EDTA, 40 fmol of 32 P-labelled 8-oxoG containing duplex and limited amounts of purified enzyme. After incubation for 10 min at 37_C, the reaction was stopped by adding 10 µl of formamide dye solution. The mixture was heated at 80_C for 5 min and loaded onto denaturing 20% PAGE containing 7 M urea. After electrophoresis, the gels were autoradiographed at -20_C, and the corresponding bands were quantitated using a PhosphorImager.
Assay for activity nicking DNA at AP sites
The standard incubation mixture (50 µl total volume) contained 50 mM HEPES/KOH, pH 7.8, 100 mM NaCl, 5 mM Na 2 EDTA, 0.5 nmol as phosphate of [ 3 H]methyl E.coli DNA containing AP sites (20 c.p.m./pmol of P) and limited amounts of purified enzymes (4) . Following incubation at 37_C for 10 min, 50 µl of bovine serum albumin-DNA and 300 µl of 0.8 M HClO 4 were added. The mixture was incubated on ice for 20-30 min and centrifuged in an Eppendorf Microfuge for 10 min at 4_C, the supernatant was recovered and the radioactivity was quantitated by scintillation spectroscopy. One enzyme unit is defined as the amount of Fpg protein that releases 1 pmol of acid-soluble 3 H-labelled oligonucleotide in 1 min at 37_C. Nucleic Acids Research, 1998, Vol. 26, No. 23 5353 Assay for AP nicking activity using oligonucleotide containing a unique abasic site at a defined position
The 50mer oligonucleotide containing a single hypoxanthine (HX) residue at position 26 (Table 1B) was 32 P-labelled at the 5′-end and annealed with the complementary sequence. The AP site was produced by excision of HX residues from 0.1 pmol of 32 P-labelled duplex using the pure AlkA protein (0.3 µg) in 20 µl 25 mM sodium phosphate, pH 7.2, 1 mM Na 2 EDTA, 100 mM KCl, 100 µg/ml bovine serum albumin for 25 min at 37_C (37). The reaction was cooled for 10 min at 4_C. To measure the nicking activity at AP site, Fpg protein (wild type or mutants) was added and incubated for 10 min at 37_C. The reaction was stopped by adding 10 µl of dye formamide. The reaction products were analyzed by 20% PAGE containing 7 M urea. All the other steps were as described above.
Formation of enzyme-DNA covalent complexes in the presence of NaBH 4
The wild type or mutant Fpg proteins were incubated with 50 fmol of 8-oxoG-containing duplex (34mer) at 37_C for 20 min in 20 µl of a solution containing 25 mM sodium phosphate, pH 7.2, 1 mM Na 2 EDTA, 100 mM NaCl, 100 µg/ml bovine serum albumin and 100 mM NaBH 4 (a 2 M NaHB 4 stock solution in water was prepared immediately prior to use). The reaction was stopped by addition of SDS (0.5% final concentration) and heating for 10 min at 60_C. The reaction products were separated by 15% SDS-PAGE. The gel was dried and autoradiographed. The bands corresponding to DNA-protein complex or to free DNA were quantitated by scintillation spectroscopy. The formation of a covalent complex involving AP sitecontaining DNA and wild type or mutant Fpg proteins was achieved by using the 50mer oligonucleotide containing an abasic site described above.
DNA binding
Studies were performed using real-time biomolecular interaction analysis (BIAcore). 8-oxoG containing duplex (34mer) was immobilized via 5′-biotin on a streptavidin-coated sensor chip. Purified wild type or mutant Fpg proteins bind specifically and in a concentration-dependent manner to the immobilized DNA (38) .
Purification of Fpg proteins
The mutant Fpg proteins were purified from E.coli BH20 (deficient in wild type Fpg protein) containing the relevant plasmid. LB broth (2 l) containing ampicillin (50 µg/ml) was inoculated with 60 ml of an overnight culture of E.coli BH20 containing pFPG220 plasmid harboring wild type or mutant fpg genes. The cells were grown at 37_C for 20 h, harvested, washed and then stored at -20_C. The protein purification procedure was essentially as described (34) .
Assay for the antimutator action of the Fpg proteins in vivo
The mutator strain BH990 (fpg mutY) was transformed by pFPG40 harboring wild type or mutant fpg gene using electroporation. The transformation mixture was plated onto LB medium containing ampicillin (100 µg/ml). Individual colonies were selected, grown overnight at 37_C in 2 ml of LB broth medium containing ampicillin and then plated onto M9 minimal medium containing lactose (0.4%) and ampicillin (100 µg/ml) and LB medium containing ampicillin (100 µg/ml of each) as previously described (31) . The spontaneous mutation rate in the cultures was monitored for the generation of Lac + revertants.
RESULTS
We have constructed E.coli mutant Fpg proteins in order to ascertain the involvement of Lys-57 in the various enzymatic activities of this protein. In order to study the functional role of (NH 2 -)-side chain group of Lys-57 and to prevent local structural reorganization, Lys-57 was replaced by Gly which is smaller and devoid of functional group (39) . The purpose of the second mutant Lys-57→Arg was to maintain the charge of the substituted amino acid at the same level and therefore to act as a control. It was expected to have a minimal effect on the enzyme activity.
Wild type, K57G or K57R mutant fpg genes were constructed as decribed in Materials and Methods, the sequences of the respective genes were checked and expressed in E.coli strain BH20 (fpg-) cells. The overproduction of mutant enzymes was comparable to that of wild type (data not shown). The enzymes were purified. Analysis by SDS-PAGE shows the purity of the preparations (Fig. 1 ) that were used to determine the various enzymatic properties of the mutated Fpg proteins.
Fapy-and 8-oxoG-DNA glycosylase activities of wild type and mutant Fpg proteins
The ability of FpgK57G and K57R to excise Fapy residues was analyzed. The results ( Fig. 2A) show that both mutants release Fapy residues from [ 3 H]Fapy-poly(dG-dC) with an efficiency comparable to that of wild type Fpg, although K57G exibits only 60% of the wild type activity. The kinetic parameters of the release of [ 3 H]Fapy residues were measured and plotted according to Lineweaver-Burk. The results (Table 2) show that the apparent K M and k cat values for excision of Fapy residues are comparable for wild type and mutant proteins.
The efficiency of the K57G and K57R mutants to excise 8-oxoG residues was also analyzed, using as substrate the 34mer duplex DNA containing an 8-oxoG opposite C (Table 1B) . The results (Fig. 2B) show that FpgK57R and FpgK57G incised the substrate containing 8-oxoG at a slower rate than the wild type enzyme, the ratio being 50 and 10-15% for the K57R and K57G, respectively. The assay used implies that the enzyme, after the excision of 8-oxoG residues, nicks the oligonucleotide by its β-δ-lyase activity and therefore that this activity is not abolished in the mutant proteins. As shown in Figure 2B , the excision of 8-oxoG was not underestimated, since in the presence or absence of 10% piperidine (which nicks DNA at AP sites), the same incision of the substrate was observed. When the kinetic constants were measured, the K57G mutant had a slightly changed apparent K M value compared to wild type Fpg and a 50-fold reduced k cat (Table 2) . This result suggests a dual effect of this mutation both on catalysis and specific substrate binding. The Arg substitution at position 57 essentially restores 8-oxoG-DNA glycosylase activity ( Table 2 ), indicating that a charged group, either the ε-amino group of Lys or the guanidino group of Arg, is required for 8-oxoG-DNA glycosylase activity. 
Nicking activity at abasic site of wild type and mutant Fpg proteins
The ability of FpgK57G to cleave abasic sites was evaluated using two different substrates. In the first assay, E.coli [ 3 H]thyminelabelled DNA containing AP sites was used as substrate. In this assay, the Fpg protein nicks at AP sites and liberates [ 3 H]thyminelabelled short oligonucleotides that are acid-soluble. As shown in Figure 3A , the K57R and K57G mutants exhibited an activity close to that of the wild type protein. In the second assay, a 50mer oligonucleotide with a unique pre-formed abasic site at a defined position was used as substrate. As in the previously described experiment, wild type and mutant K57G Fpg proteins had comparable activities (Fig. 3B ). All together, these experiments suggest that Lys-57 is not implicated in the AP lyase activity upon pre-formed AP site.
Formation of Schiff base intermediate
The Fpg protein forms a transient Schiff base intermediate with 8-oxoG/C containing DNA in a 1:1 ratio. This complex can be reduced in the presence of sodium cyanoborohydride to yield a stable covalent complex (18, 40) . We have tested the ability of the mutant FpgK57G and FpgK57R proteins to trap 8-oxoG/C DNA in the presence of NaBH 4 . The trapping efficiency of FpgK57R is slightly reduced as compared to the wild type protein (Fig. 4) . K57G barely generates covalent complex with 8-oxoG/C DNA (<10-fold more efficiently than the wild type protein). This is in agreement with the impaired 8-oxoG-DNA glycosylase activity, whereas, as shown in Figure 5 , the mutant K57G efficiently produces the Schiff base intermediate when AP site-containing DNA is used as a substrate with an efficiency comparable to that of the wild type protein (Fig. 5) . These results show that the nucleophilic Lys-57 is implicated in the formation of the enzyme-substrate complex when the substrate is 8-oxoG but not if it is a pre-formed AP site. The results suggest that nucleophilic Lys-57 plays a role in the catalysis of 8-oxoG excision.
Binding of the 8-oxoG/C DNA duplex by FpgK57G
Since the purified FpgK57G protein excised less efficiently 8-oxoG residues from DNA duplex than the wild type protein, we investigated the efficacy of the complex formation. Apparent dissociation constant values, K D , for the wild type and K57G mutant Fpg proteins were determined by real time BIAcore. Table 3 shows that K D measured for wild type Fpg is in good agreement with that obtained using gel retardation technique (36) . K D for the K57G The reaction products were analyzed by 20% PAGE containing 7 M urea. The bands corresponding to the native or incised oligonucleotide were excised and their radioactivities were measured (for details see Materials and Methods). The control values of 8-oxoG excision from oligonucleotide without the Fpg protein were 3 and 13% before and after piperidine, respectively. These control values were subtracted from data obtained after the enzyme treatment. The mean values ± SD from three to four independent experiments are shown. mutant is 16-fold higher and correlates with the low rate of incision of the corresponding duplex ( Table 3 ). The K57G substitution weakens the interaction of the Fpg protein with modified DNA and gives K D values intermediate between that measured for oligonucleotide containing 8-oxoG residue and unmodified DNA (Table 3) . Together with kinetic parameters (Table 2) , these results suggest that Lys-57 is implicated both for 8-oxoG residue recognition and its excision. The kinetic experiments were repeated twice and gave reproducible results (± 10%). 
G/C→T/A spontaneous mutagenesis in fpg mutY-deficient E.coli strain BH990 expressing mutant fpg genes
The Fpg protein has an antimutator effect preventing G/C→T/A spontaneous transversion. It acts in concert with the MutY protein (7). The fpg -mutY -double mutant BH990 has an extreme mutator phenotype that can be reversed by plasmids carrying the fpg gene (31) . In order to investigate the biological properties of the mutated proteins in vivo, we compared the ability of these mutant proteins to prevent the spontaneous G/C→T/A transversion in the E.coli strain BH990 (31) . It was transformed with expression vectors containing wild type or mutated forms of the fpg gene. The number of Lac + colonies resulting from G/C→T/A transversion was compared (30) . The K57G mutant, in contrast to the K57R or the wild type protein (Table 4) , only partially restored the ability to prevent spontaneously induced G/C→T/A mutations. Therefore, there is a correlation between the low 8-oxoG-DNA glycosylase activity of K57G mutant that we measured in vitro and the lack of reversion of the mutator phenotype in vivo. This experiment points out the importance of removal of 8-oxoG as compared to Fapy residues in spontaneous mutagenesis. 2210 ± 592 (n = 4) pFPG40 6.0 ± 3.6 (n = 6) pFPG40K57G 261 ± 5.9 (n = 6) pFPG40K57R 58 ± 2 (n = 6)
Results obtained from four to six independent overnight cultures of E.coli cells hosting the plasmid pFPG40 containing the genes coding for either the wild type or the mutant FpgK57G or FpgK57R proteins. For details see Materials and Methods.
DISCUSSION
We hypothesized that the conserved lysine 57 could play an important role in the active site and be involved in some enzymatic activity( The mutation of Lys-57 to another basic amino acid, arginine, restores substantially 8-oxoG-DNA glycosylase activity pointing out the role of a positive charge at this position of the molecule. It has been postulated that 8-oxoG is the primary damage recognized by the Fpg protein in vivo (1) . We show that the FpgK57G mutant poorly prevents the spontaneous G/C→T/A mutagenesis in vivo. This result correlates well with the weak 8-oxoG-DNA glycosylase activity measured in vitro, emphasizing the role of 8-oxoG residues in spontaneous mutagenesis.
A particular role in 8-oxoG residues excision was also shown for another conserved lysine at position 155 (29) . Site-directed mutagenesis of Lys-155 to alanine yields the FpgK155A mutant protein having a reduced 8-oxoG-DNA glycosylase activity, but an unchanged Fapy-DNA glycosylase activity. The K155A mutant shows a 50-fold lower k cat in 8-oxoG-DNA glycosylase activity (29) . Taken together, these studies suggest that the conserved lysine residues at positions 57 and 155 participate in the catalysis of 8-oxoG removal.
The mechanism of action of the N-glycosylase/AP lyase has been proposed to occur via a covalent Schiff base intermediate that can be trapped by treatment of the enzyme-substrate complex with a reducing agent (19) (20) (21) . Efficient borohydridedependent trapping of N-glycosylases/AP lyases with their substrates has now been demonstrated (10, 15, 18, 21, 22, 40) . There is a hypothesis that N-glycosylases/AP lyases catalyze two types of reactions via a common mechanism, implying that both reactions are mechanistically coupled. This model was originally proposed for E.coli endonuclease III (19, 20, 42) . The first step is 
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the opening of the furanose ring to generate a protonated Schiff base between the deoxyribose and the thymine glycol or urea residues. The latter are then released by a transimination reaction in which an enzyme amino group forms a new Schiff base with the deoxyribose. A related mechanism, which does not require initial deoxyribose ring opening, has been suggested for N-glycosylase/ AP lyase (20, 21) . This mechanism involves the direct displacement of the damaged base by a nucleophilic attack at the C1′ carbon and rupturing of the N-glycosidic bond between the base lesion and the sugar, leading to the formation of a covalent DNA-enzyme intermediate.
The ε-amino group of lysine 120 or lysine 249 was identified as the enzyme nucleophile for E.coli endonuclease III and hOgg1, respectively (26, 27) . Alternatively, the nucleophile could be the α-amino group of the N-terminal residue, as demonstrated for T4 endonucleaseV (43, 44) . All these proteins are N-glycosylases/ β-lyases (27, 45) . The Fpg protein differs in its ability to carry out the δ-elimination step of the AP lyase activity (5). It was proposed that the Fpg protein shares a common reaction mechanism with endonuclease III (21) . The N-terminal proline residue of the Fpg protein is the catalytic nucleophile producing Schiff base with 8-oxoG residues (21) .
For Lys-155, a role in a direct interaction with the C 8 oxygen of the 8-oxo purines was proposed (27) . Attack of the nucleophile N-terminal proline residue (22) would be accompanied by a (29) . The role of Lys-57 could be additive or synergistic to that of Lys-155. Conversely, Lys-57 could play a role in the opening of the furanose ring, in the first step of the model of Wallace and Kow (19, 20) .
